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HIGHLIGHTS 


•  The  effect  of  nine  carbonacious  fuels  on  the  operation  of  a  DCFC  was  investigated. 

•  The  tests  were  performed  at  723  K  and  the  air  flow  rate  of  0.5  dm3  min-1. 

•  Binary  eutectic  mixture  of  Na/Li  hydroxides  was  used  as  electrolyte. 

•  The  results  for  a  biochar  fuel  were  similar  to  those  obtained  for  hard  coals. 
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In  the  paper  the  behavior  of  various  carbon-rich  materials  used  as  fuels  for  the  direct  carbon  fuel  cell 
(DCFC)  with  molten  hydroxide  electrolyte  is  presented.  For  the  current  research  various  carbonaceous 
fuels  (e.g.,  different  biochars,  hard  coal,  graphite,  carbon  black)  were  tested.  The  electrolyte  was  the 
binary  eutectic  mixture  of  sodium  and  lithium  hydroxides  (90  mol.%  NaOH  —  10  mol.%  LiOH).  The  fuel 
cell  was  operated  at  723  K  and  cathode  air  flow  rate  of  0.5  dm3  min-1.  The  maximum  power  densities 
were  achieved  for  raw  coal  and  commercial  biochar  and  made  up  38.6  mW  cm-2  and  32.8  mW  cm-2, 
respectively. 


©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  increase  of  human  population,  as  well  as  the  rapid  economic 
growth  and  development  require  safe,  trustable,  and  continuous 
supply  of  electricity.  Despite  the  current  policy  and  political  situa¬ 
tion  focused  on  the  promotion  of  energy  conversion  from  renew¬ 
able  sources  [1,2  ,  still  the  majority  of  electricity  roughly  67%  is 
generated  from  non-renewables,  such  as  coal  (41%),  crude  oil  (4%), 
or  natural  gas  (22%)  [3  .  In  some  countries,  e.g.,  Poland,  China, 
South  Africa,  or  Australia,  coal  is  still  the  dominant  fuel  for  elec¬ 
tricity  generation  in  domestic  power  plants  [3,4]. 

Since  the  burning  of  coal  and  electricity  generation  in  conven¬ 
tional  power  plants  is  often  associated  with  quite  low  efficiency 
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(30-45%)  and  brings  about  significant  emissions  of  pollutants  (S02, 
NOx,  particulates,  as  well  as  C02),  numerous  attempts  have  been 
made  to  search  for  new  highly-efficient  and  low  emission  tech¬ 
nologies  of  electricity  generation  [5  .  One  of  the  promising  ap¬ 
proaches  to  improve  the  efficiency  of  energy  conversion  from  coal 
is  the  use  of  fuel  cells,  such  as  e.g.,  the  Direct  Carbon  Fuel  Cell 
(DCFC).  The  schematic  of  the  DCFC  operation  is  shown  in  Fig.  1.  In 
the  DCFC  system  the  electrochemical  reaction  between  the 
elemental  carbon  and  oxygen  is  the  source  of  electrons  which  pass 
through  the  external  circuit  and  generate  electricity. 

This  technology  may  significantly  reduce  the  energy  losses  by 
direct  conversion  of  solid  carbon  chemical  energy  into  electricity 
[6].  The  DCFC  technology  has  been  under  investigation  for  several 
decades  but,  so  far,  has  received  less  attention  than  fuel  cell  tech¬ 
nologies  focused  on  the  use  of  hydrogen  or  natural  gas.  However, 
the  DCFCs  have  two  significant  advantages  over  other  fuel  cells, 
since  1 )  their  thermodynamic  efficiency  may  theoretically  exceed 
100%  i.e.,  much  higher  than  that  of  e.g.,  hydrogen  fuel  cells  where 
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the  efficiencies  of  roughly  83%  have  been  reported  [7],  and  2)  the 
DCFC  may  be  fueled  with  any  carbonaceous  and  solid  (and  thus 
easy  to  transport  and  store)  fuel,  such  as  e.g.,  hard  coal,  lignite, 
petcoke,  biomass,  or  even  carbonized  waste  [8].  Although  the 
thermodynamic  efficiency  of  the  DCFC  (?7th)  calculated  by  Eq.  (1). 
may  theoretically  exceed  100%  since  the  oxidation  of  elemental 
carbon  into  gaseous  CO2  is  accompanied  by  almost  no  entropy 
change  (AS  =  1.6  J  K_1  mor1  at  873  K)  practical  operational  effi¬ 
ciencies  of  the  cells  are  lower  and  estimated  at  roughly  80%  [6  . 


*?th 
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So  far,  three  different  electrolyte  concepts  (molten  hydroxide, 
molten  carbonate  or  solid  oxygen  ion  conducting  ceramic)  have 
been  proposed  for  the  DCFC  technology  [8  .  Although,  there  are 
several  papers  on  the  DCFC  issue  the  number  of  publications  where 
the  authors  focus  on  the  investigation  of  the  DCFCs  operation  with 
aqueous  hydroxide  or  molten  hydroxide  electrolytes  is  quite 
limited  9-12].  The  results  reported  by  Nunouraetal.  12]  indicated 
that  aqueous  electrolyte  provided  the  conditions  for  low- 
temperature  operation  of  the  cell  (423-523  K)  and  thus  the  pos¬ 
sibility  to  use  cheaper  materials  for  the  cell  body.  Nunoura  et  al.  12] 
used  a  corncob  biochar  fueled  cell  with  potassium  and  lithium 
hydroxide  mixture  electrolyte  operated  at  518  I<  and  35.8  bar 
pressure  but  reported  the  maximum  power  density  of  only 
6.5  mW  cm-2. 

In  order  to  improve  the  cell  performance  and  electricity  yield 
the  molten  hydroxides  are  required.  Zecevic  et  al.  [9,10]  in  coop¬ 
eration  with  the  West  Virginia  University  [11  reported  stable 
performance  of  the  cell,  and  the  power  density  of  58  mW  cm-2  for 
MARK  III-A  prototype.  Unfortunately,  they  only  focused  on  the  use 
of  some  specially  prepared  carbon  rods  of  graphite  and  coal  origin, 
and  tested  no  granulates. 

Since  except  for  just  a  few  cases  [13,14]  there  has  been  no  in¬ 
formation  so  far,  on  the  experiments  where  the  authors  would 
investigate  the  possibility  to  operate  the  DCFC  with  minimum  fuel 
preparation  (e.g.,  no  rods  manufacturing)  and  with  granulate 
carbonaceous  fuels,  particularly  of  biomass  origin,  the  intention  of 
this  paper  is  to  provide  some  experimental  data  on  that  issue  and 
report  the  results  of  a  DCFC  operated  with  various  granulate  car- 
bonatious  fuels,  such  as  biomass-derived  biochars,  hard  coals, 
carbon  black,  and  graphite. 


2.  Experimental 

2.2.  Fuel  samples 

Nine  types  of  various  carbonaceous  fuels,  i.e.,  commercial 
graphite,  carbon  black  (type  N220,  Konimpex),  two  types  of  com¬ 
mercial  hard  coal  and  five  types  of  biochar  were  used  for  the  pre¬ 
sent  investigation.  Four  of  the  fuels  were  produced  by  the  authors 
from  the  carbonization  of  various  biomass  types  (apple  tree  chips, 
sunflower  husks,  pine  and  energetic  willow  shavings)  while  the 
fifth  sample  was  a  commercial  biochar.  In  order  to  produce  the 
biochars  from  the  ‘raw’  fuels  the  biomass  samples  were  crushed, 
then  sieved  (particle  size  <0.5  mm),  and  finally  charred  at  873  K  for 

30  min.  The  details  of  the  carbonization  technology  were  described 
elsewhere  [15,16  . 

All  fuel  samples  were  analyzed  according  to  Polish  standards 
with  respect  to  their  ultimate  and  proximate  analysis.  The  ultimate 
analysis  was  conducted  with  the  use  of  Leco  TruSpec  CHNS 
analyzer,  while  automatic  isoperibol  calorimeter  (IKA  C2000  Basic) 
was  used  to  determine  the  higher  heating  values  (HHV)  of  all  the 
samples.  Mercury  intrusion  porosimeter  (Poremaster  33,  Quan- 
tachrome)  was  used  to  determine  total  surface  area  and  pore  vol¬ 
ume  of  the  samples,  as  well  as  to  investigate  their  pore  size 
distributions.  The  data  provided  by  the  porosimetry  is  important 
since  those  parameters  are  directly  related  to  the  wet-ability, 
electrochemical  reactions  of  fuels  and  the  performance  of  the 
DCFC  unit  17].  The  information  on  the  pore  size  distribution  is  also 
crucial  particularly  for  the  operation  of  the  DCFC  with  molten 
electrolyte  because  the  size  of  the  carbon  particles  affect  their 
surface  area  and  the  possibility  to  be  fully  wetted  by  the  electrolyte 
[17]. 

All  the  analyses  were  conducted  for  samples  of  particle  size  less 
than  0.2  mm  except  the  porosimetry  investigations  where  the 
samples  of  particle  sizes  of  0.18-0.25  mm  were  used.  The  results  of 
the  analyses  are  summarized  in  Table  1.  The  carbon  content  in  all 
the  fuels  exceeds  80%.  The  surface  area  differs  significantly-the 
measured  values  vary  from  0.2  m2  g^1  (graphite  rod)  to  over 

31  m2  g-1  for  carbon  black. 

The  pore  size  distributions  of  the  fuel  samples  are  shown  in 
Fig.  2.  The  investigations  were  determined  with  the  use  of  mercury 
porosimeter  Poremaster  33.  The  pore  size  distribution  of  the 
sample  is  represented  as  dV/dlog  D  where  V  corresponds  to  the 
cumulative  pore  volume  and  D  is  the  pore  diameter.  The  results 
indicate  that  in  all  cases  the  majority  of  the  pores  for  biomass- 
derived  biochars  (2-6)  are  characterized  by  diameters  of  roughly 
0.1-10  pm.  In  the  case  of  hard  coals  (7,  8)  and  carbon  black  (1)  the 
pore  size  distributions  were  quite  narrow  and,  furthermore,  the 
majority  of  the  pore  volume  peaks  corresponded  to  the  pores  less 
than  0.5  pm.  The  graphite  sample  (9)  showed  two  separate  peaks  at 
0.07  pm  and  1  pm. 

2.2.  The  DCFC 

The  schematic  diagram  of  the  designed  fuel  cell  is  shown  in 
Fig.  3.  The  cell  was  manufactured  from  nickel  and  nickel  alloys.  The 
main  cell  container  (83  mm  i.d.  and  roughly  147  mm  high)  was 
manufactured  from  Nickel®  201.  The  anode  was  also  made  from 
Nickel®  201,  while  the  cathode  was  Ni-based  Inconel®  alloy  600. 
The  anode  and  cathode  were  designed  as  pipes  with  outside  di¬ 
ameters  of  19.1  mm  and  42  mm,  respectively.  Both  electrodes  were 
subjected  to  simultaneous  oxidation-lithiation  process  before  their 
implementation  into  the  DCFC.  The  current  and  power  densities 
were  calculated  for  the  measured  anode  surface  area  of  17  cm2.  The 
anode  and  cathode  were  separated  in  order  to  prevent  any  mixing 
at  the  gases  (CO2  above  the  anode  and  excess  air  above  the 
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Table  1 

Main  parameters  of  the  fuels  tested  (all  values  are  given  for  a  “dry”  state). 


Fuel  sample 

Ultimate  analysis  (wt%) 

Ash 

(wt%) 

Volatile 
matter  (wt%) 

Higher  heating 
value  (MJ  kg-1) 

Surface  area  (m2  g  1) 

Pore 

volume  (cm3  g-1) 

C 

H 

N 

S 

Odiff 

Graphite  rod 

97.4 

0.6 

0.2 

0.00 

0.10 

1.7 

1.2 

32.35 

0.21 

0.02 

Biochar  1  (apple) 

80.3 

2.8 

1.9 

0.00 

4.30 

10.7 

16.8 

29.55 

6.65 

0.25 

Biochar  2  (energetic  willow) 

82.2 

2.5 

1.3 

0.01 

5.49 

8.5 

13.9 

29.86 

2.68 

0.32 

Biochar  3  (sunflower  husks) 

84.1 

2.5 

2.4 

0.03 

1.97 

9.0 

16.1 

32.11 

3.99 

0.20 

Biochar  4  (pine) 

90.4 

2.9 

0.6 

0.00 

3.60 

2.5 

9.0 

33.27 

1.52 

0.29 

Commercial  biochar 

84.2 

3.3 

0.5 

0.01 

9.29 

2.7 

16.4 

29.93 

1.14 

0.11 

Coal  1 

70.0 

4.5 

1.1 

1.38 

11.52 

11.5 

36.6 

26.74 

4.05 

0.04 

Coal  2 

78.5 

4.6 

1.3 

0.89 

10.11 

4.6 

30.4 

31.15 

6.60 

0.04 

Carbon  black 

98.0 

1.0 

0.4 

0.48 

0.12 

0.0 

2.7 

33.69 

31.34 

0.48 
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Fig.  2.  Pore  size  distributions  of  the  investigated  carbon  fuel  samples.  Measurement  technique:  mercury  porosimetry. 
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Fig.  3.  The  outline  of  the  experimental  DCFC  setup. 
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cathode).  The  air  was  introduced  into  the  cathode  pipe  where  it  was 
contacted  with  the  inner  surface  of  the  cathode  and  then  exit  to 
atmosphere.  The  CO2  formed  at  the  anode  was  released  to  the  at¬ 
mosphere  but  it  could  not  be  contacted  with  the  air  flow  (see  Fig.  3). 
Additional  details  of  the  configuration  and  the  operation  of  the 
DCFC  were  described  elsewhere  [14,18]. 

2.3.  Test  methodology 

At  the  beginning  of  each  test  the  eutectic  mixture  of  NaOFl- 
LiOH  (90-10  mol%)  was  prepared  and  then  heated  up  to  the  desired 
temperature.  After  the  temperature  of  723  K  was  reached  and  the 
electrolyte  was  completely  melted,  both  cathode  and  anode  were 
slowly  immersed  into  the  electrolyte  and  the  cell  data  (current, 
voltage,  temperature,  etc.)  were  recorded.  The  tests  were  then 
performed  at  723  K.  The  air  to  the  fuel  cell  was  fed  from  a 
compressor  (pressure  of  0.15  MPa)  with  controlled  flow  rate  of 
0.5  dm3  min-1.  Particle  size  of  fuel  samples  was  in  the  range  of 
0.18-0.25  mm. 

After  each  test  was  finished  the  heating  was  turned  off  and  the 
cell  was  ‘shutdown’.  The  setup  was  then  cooled  down  to  room 
temperature  and  then  all  its  parts  were  placed  in  special  plastic 
container  filled  with  roughly  25  dm3  of  deionized  water.  All  the 
elements  were  kept  there  for  3  h  in  order  to  get  the  solidified 
electrolyte  removed.  Mechanical  stirrer  was  used  to  improve  the 
dissolution  of  the  electrolyte.  The  water-electrolyte  mixture  was 
then  removed  and  new  25  dm3  of  deionized  water  were  put  into 
the  container.  The  whole  procedure  was  then  repeated.  Afterward, 
the  cell  elements  were  removed  from  the  container,  cleaned  with  a 
soft  sponge,  and  finally  again  rinsed  with  deionized  water.  All  the 
elements  were  then  dried  for  2  h  in  a  drier. 

3.  Results  and  discussion 

3.1.  Repeatability  of  the  results 

The  first  stage  of  the  study  was  carried  out  to  investigate  the 
repeatability  of  the  research  results,  i.e.,  to  determine  whether  the 
data  collected  during  each  individual  test  run  are  repeatable.  The 
above  assumption  was  confirmed  by  independent  experiments 
which  were  carried  out  at  723  K  with  the  air  flow  rate  of 
0.5  dm3  min-1  and  for  two  chosen  fuels:  coal  1  and  commercial 
biochar  (cf.  Table  1 ). 

The  results  for  two  independent  tests  are  presented  in  Fig.  4 
where  a  comparison  of  cell  operating  characteristics  taken  at 
different  time  intervals  in  each  cell  run  are  shown.  The  first  char¬ 
acteristic  was  taken  after  4  h,  the  second  one  after  5  h,  and  the  third 
one  after  6  h  of  cell  operation.  All  curves  are  similar  in  shape  and  all 
drop  from  the  maximum  voltage  of  roughly  1.1  V  for  the  current 
density  i  =  0  mA  cm-2)  to  nearly  0.2  V  for  i  =  75  mA  cm-2.  As 
indicated  by  the  results  the  linear  middle  region  of  the  character¬ 
istics  confirms  that  the  DCFC  operation  is  controlled  by  ohmic 
resistance.  In  case  of  commercial  biochar  (cf.  Fig.  4B)  the  decrease  of 
the  voltage  at  high  current  densities,  roughly  70-80  mA  cm-2,  is 
associated  with  concentration  polarization.  The  maximum  power 
densities  for  coal  were  28.4  mW  cm-2,  29.1  mW  cm-2  and 
27.9  mW  cm-2  for  the  characteristics  No.  1,  No.  2  and  No.  3, 
respectively  (cf.  Fig.  4A).  The  corresponding  maximum  power 
densities  for  the  biochar  were  35.1  mW  cm-2  (characteristic  No.  1 ), 
34.5  mW  cm-2  (characteristic  No.  2)  and  34.6  mW  cm-2for  the 
characteristics  No.  3  (cf.  Fig.  4B).  The  results  indicate  very  good 
repeatability  of  the  experimental  values  and  meet  the  initial  au¬ 
thors’  assumptions. 

The  variations  of  the  cell  voltage  plotted  against  time  for  the 
current  I  =  0  A  are  plotted  in  Fig.  5A  and  the  relationships  between 


Fig.  4.  The  comparison  of  the  fuel  cell  characteristics  for  some  chosen  fuels:  (A)  coal  1, 
and  (B)  commercial  biochar.  Particle  size:  0.18-0.25  mm,  electrolyte  temperature: 
723  K,  air  flow  rate:  0.5  dm3  min-1. 


cell  voltage,  power  density,  and  current  density  for  an  example  fuel 
(commercial  biochar)  are  shown  in  Fig.  5B.  The  characteristics 
shown  in  Fig.  5B  were  taken  after  4  h  of  cell  operation.  For  all  runs 
the  stable  voltage  level  was  achieved  after  roughly  a  2  h  ‘starting’ 
period.  The  voltage  values  obtained  after  4  h  of  the  DCFC  operation 
were  1.08  V,  1.06  V  and  1.08  V  for  the  Run  No.  1,  2,  and  3,  respec¬ 
tively.  Similar  curves  were  also  obtained  for  the  other  tested  fuels. 

It  is  worth  noting  that,  compared  to  other  characteristics,  the 
characteristic  of  Run  No.  3  (cf.  Fig.  5B)  is  somewhat  lower  at  the 
initial  current  density  region  but  it  becomes  slightly  higher  at  the 
end  region.  The  difference  may  probably  be  associated  with  the 
random  distribution  and  arrangement  of  fuel  particles  at  the  sur¬ 
face  of  the  anode  chamber  collector.  This  hypothesis  is  partially 
supported  by  Fig.  6  indicating  that  despite  similar  particle  size 
(0.18-0.25  mm)  the  shape  of  the  fuel  particles  is  quite  different, 
e.g.,  rectangular,  spherical  or  spindle.  The  internal  resistances  (Rj), 
calculated  from  the  slope  of  the  linear  region  of  each  curves  in 
Fig.  5B,  are  similar.  The  corresponding  values  of  R[  were 
0.52  ±  0.03  Q  (for  Run  No.  1),  0.48  ±  0.01  Q  (for  Run  No.  2)  and 
0.42  ±  0.02  Q  for  Run  No.  3.  The  maximum  current  densities  ob¬ 
tained  for  the  runs  No.  1,  2  and  3  were  73.1  mA  cm-2,  73.3  mA  cm-2 
and  75.2  mA  cm-2,  respectively,  while  the  corresponding 
maximum  power  densities  (cf.  Fig.  5B)  were  34.0  mW  cm-2, 
35.7  mW  cm-2  and  35.1  mW  cm-2. 

The  comparison  of  the  results  in  Figs.  4  and  5  clearly  indicates 
that  the  fuel  cell  is  run  stable  and  the  experimental  data  values  are 
reproducible  and  reliable.  Some  minor  differences  in  the  charac¬ 
teristics  are  probably  the  result  of  manual  feeding  of  the  fuel  into 
the  anode  chamber  or  different  geometry  and  arrangement  of  the 
carbon  particles  in  the  anode  (cf.  Fig.  6). 


3.2.  The  open  circuit  voltage 

In  a  perfect  working  fuel  cell  the  measured  open  circuit  voltage 
OCV  (i.e.,  the  maximum  voltage  that  could  be  achieved  at  the  cur¬ 
rent  I  =  0  A)  should  equal  to  the  reversible  potential.  For  the  DCFC 
operated  at  700  K  the  reversible  potential,  E,  can  be  calculated  by 
dividing  the  change  of  the  Gibbs’  energy  for  the  reaction  (4) 
(AG  =  -395.4  kj  mol-1  at  700  K)  by  the  number  of  electrons 
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Fig.  5.  The  variation  of  the  fuel  cell  voltage  vs.  time  (A)  and  power-voltage-current  density  characteristics  (B)  taken  during  independent  fuel  cell  runs.  Fuel:  commercial  biochar, 
particle  size:  0.18-0.25  mm,  electrolyte  temperature:  723  K,  air  flow  rate:  0.5  dm3  min-1. 


transferred  in  a  single  run  (n  =  4;  as  given  in  Eqs.  2  and  3),  and  by 
the  Faraday  constant  (F  =  96485.3  C  mol-1).  The  value  of  the 
reversible  potential,  calculated  according  to  Eq.  (5),  is  thus  1.025  V. 

Anode  reaction;  C($)  +  40H  (electrolyte)  >  C02(g)  +  2H20(g)  +  4e  (2) 

Cathode  reaction:  4e-  +  02(g)  +  2H20(g)  — ►  40H-(eiectroiyte)  (3) 

Overall  reaction:  C(S)  +  02(g)  — >  C02(g)  (4) 

E  =  -AG/nF  =  1.025  V  (5) 

The  OCV  vs.  time  curves  determined  during  the  experiments  for 
various  fuels  are  plotted  in  Fig.  7.  The  OCV  was  measured  directly  as 
voltage  between  the  cathode  and  the  anode.  The  half-cell  potential 
values  of  the  anode  and  the  cathode  were  not  determined  in  the 
experiments  due  to  some  technical  uncertainty  associated  with  the 
choice  of  an  appropriate  reference  electrode. 

As  indicated  by  the  results  the  OCV  is  strongly  depended  on  fuel 
type.  For  all  other  cases  the  cell  voltage  increased  slowly  until  it 
reached  a  stable  plateau  after  roughly  2  h  and  then  remained  quite 
stable  (see  Fig.  7).  The  only  difference  was  recorded  for  the  fuel 
‘biochar  4’  (i.e.,  charred  pine)  for  which  strong  voltage  fluctuations 
after  2  h  of  continuous  cell  operation  were  still  measured.  The 
fluctuations  might  be  associated  with  the  origin  of  the  biochar:  it 
was  the  only  fuel  that  was  obtained  from  forest  resin-rich  biomass 
and  thus  might  still  contain  some  impurities  or  tar-like  compounds 
which  could  be  evolved  from  the  fuel  during  the  test.  The  differ¬ 
ences  between  the  OCV  values,  particularly  at  the  initial  period  of 
roughly  1  h,  were  probably  brought  about  by  gradual  wetting  of  the 
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inner  surface  of  the  fuel  particles  by  liquid  molten  electrolyte.  The 
phenomenon  was  already  discussed  by  e.g.,  Cooper  and  Selman  [  19] 
who  determined  that  OCV  increase  was  observed  during  the 
gradual  wetting  of  the  entire  exterior  surface  of  the  graphite  rod 
immersed  in  molten  carbonate  mixture.  Later  on,  the  OCV  in  their 
experiment  reached  a  certain  quasi-steady  level  value.  The  authors 
explained  that  the  phenomenon  was  associated  with  the  transition 
of  the  meniscus  between  the  fuel  and  the  electrolyte  from  a  non¬ 
wetting  to  a  wetting  one  [19  .  Similar  situation  was  also  observed 
in  this  study  (cf.  Fig  7). 

The  experimental  results  of  the  OCV  measured  with  the  use  of 
digital  multimeter  and  data  acquisition  system  after  4  h  of  cell 
continuous  operation  are  presented  in  Table  2.  The  highest  values 
were  recorded  for  raw  coals  while  the  worst  results  were  obtained 
for  graphite  rod  -  probably  due  to  poor  surface  area  and  total  pore 
volume  of  the  graphite  as  shown  in  Table  1.  The  OCV  values  for 
biomass-derived  biochars  1,  2,  and  3  (cf.  Table  2)  are  similar, 
roughly  1  V.  It  is  interesting  that  the  experimental  OCV  values 
measured  for  some  fuels  (commercial  biochar,  biochar  3,  and  both 
hard  coals  -  see  Table  2  and  Fig.  7)  exceeded  the  theoretical 
standard  potential  of  1.025  V  (cf.  Eq.  (5)).  One  of  the  possible 
reasons  may  be  associated  with  chemical  composition  of  the  fuels 
and  the  presence  of  some  impurities  that  may  also  be  chemically 
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Fig.  6.  Some  example  biochar  particles.  Fuel:  commercial  biochar,  particle  size:  0.18- 
0.25  mm,  magnification:  28 x. 


Fig.  7.  The  DCFC  open  circuit  voltage  (at  I  =  0  A)  vs.  time  for  various  fuels.  Fuel  particle 
size:  0.18-0.25  mm,  electrolyte  temperature:  723  K,  air  flow  rate:  0.5  dm3  min-1. 
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Table  2 

Open  circuit  voltage  (OCV)  for  various  fuel  samples  measured  after  4  h  of  continuous  operation  of  the  DCFC. 


Fuel 

Graphite  rod 

Biochar 

Carbon  black 

Coal  1 

Coal  2 

sample 

1 

2 

3 

4 

Commercial 

OCV  [V] 

0.6256  ±  0.0008 

1.0047 

±  0.0011 

1.0090 

±  0.0011 

1.0526 

±  0.0008 

0.8666 

±  0.0057 

1.0749  ±  0.0007 

0.9455  ±  0.0004 

1.1234  ±  0.0002 

1.1196  ±  0.0007 

oxidized  in  the  cell.  As  indicated  by  the  results,  the  cell  fueled  with 
hard  coals  and  chars  yielded  higher  OCV  compared  to  graphite  rod 
and/or  carbon  black  fuels  (roughly  above  1  V  compared  to  0.6  V, 
and  0.95  V,  respectively).  Similar  results  were  also  reported  by 
Hackett  G.A  et  al.  11  who  pointed  out  that  the  coal-derived  fuel 
rods  ‘produced’  higher  OCV  (roughly  0.95-1.05  V)  compared  to  the 
graphite  ones  (0.7-0.8  V).  They  concluded  that  the  differences 
were  brought  about  by  the  differences  of  the  molecular  alignment 
of  carbon  in  the  fuel  rods:  in  the  case  of  coal-derived  rod  the 
carbon  was  more  ‘easily’  accessible  for  the  reaction  with  OH-  ions 
(cf.  Eqs.  2  and  3)  and  hence  those  rods  showed  a  higher  electro¬ 
chemical  activity.  This  assumption  has  also  been  supported  by 
some  other  researchers  [5,20-22]  who  generally  agreed  that  more 
disordered  forms  of  carbon  were  usually  responsible  for  higher 
oxidation  reaction  rates,  higher  OCV,  and  higher  current  and  po¬ 
wer  densities. 

3.3.  The  effect  of  fuel  type  on  current  density 

The  fuel  cell  voltage  versus  current  density  is  shown  in  Fig.  8.  As 
indicated  by  the  results  shown  in  Fig.  8  the  current-voltage  char¬ 
acteristics  of  the  tested  DCFC  are  dominated  by  ohmic  losses 
(electrolyte,  current  collectors,  and  carbon  resistivity).  The  com¬ 
parison  of  the  polarization  curves  for  the  tested  fuels  indicates  no 
strong  effect  of  the  activation  polarization.  The  only  exception  is  the 
charred  pine  (biochar  4)  for  which  the  activation  and  concentration 
polarization  are  also  significant.  Biochar  4  was  the  only  fuel  for 
which  three  regions  of  polarization  were  clearly  observed.  The 
different  behavior  of  biochar  4  may  probably  be  the  result  of  the 
presence  of  some  tar-like  compounds  (e.g.,  of  resin-origin)  or  other 
hydrocarbons  that  were  not  fully  evolved  from  the  biomass  fuel 
during  its  carbonization. 

The  maximum  current  densities  are  summarized  in  Fig.  9  for 
various  carbonatious  fuels.  The  measured  values  were  between 
28.1  mA  cnrT2and  91.5  mA  cm-2  and  were  depended  on  the  fuel 
type.  The  most  promising  results  were  obtained  for  hard  coals 
(74.9  mA  cnrT2  and  91.5  mA  cm-2  for  coal  1  and  coal  2,  respec¬ 
tively),  commercial  biochar  (75.3  mA  cm-2)  and  carbon  black 
(67.0  mA  cm-2). 

In  order  to  compare  the  current  densities  at  similar  voltage  for 
all  the  tested  fuels,  it  was  decided  to  present  the  data  for  0.5  V.  The 
corresponding  results  are  also  shown  in  Fig.  9.  In  the  case  of  charred 
biomass  (biochars  1-4)  the  current  densities  at  0.5  V  were  between 
36.0  and  44.6  mA  cm-2  and  were  lower  than  those  of  the  other 
fuels  (55-72.5  mA  cm-2).  The  lowest  value  was  obtained  for  a 
graphite  rod  (5.2  mA  cm-2),  probably  due  to  the  anisotropy  of  its 
crystal  structure.  The  results  are  similar  to  those  of  Zecevic  S.  et  al. 
[10]  who  reported  for  0.5  V  the  current  densities  of  50  and 
73  mA  cm-2  for  their  prototypes  MARK  IID  and  MARK  IIIA, 
respectively.  They  used  graphite  rod  as  fuel,  molten  NaOH  as 
electrolyte  and  operated  their  DCFC  at  900  K.  Similar  results  to 
those  presented  in  Fig.  9  were  also  described  in  Ref.  11  where  the 
authors  reported  maximum  current  densities  of  31-53  mA  cm-2 
for  the  DCFC  fueled  with  coal-derived  rods  and  operated  with 
molten  NaOH  at  873  K. 


3.4.  The  influence  of  fuel  type  on  power  density 

The  power  density  vs.  current  density  curves  for  various  fuels 
are  shown  in  Fig.  10,  while  the  maximum  power  densities,  deter¬ 
mined  from  the  results  in  Fig.  10,  are  presented  in  Fig.  11.  The 
maximum  power  density  made  up  almost  40  mW  cm-2.  The  lowest 
value  was  determined  for  graphite  (5.3  mW  cm-2),  while  the  best 
results  were  obtained  for  coal  2  and  the  commercial  biochar. 
Similar  values  were  obtained  for  coal  1  and  carbon  black,  27.9  and 
28.4  mW  cm-2  respectively.  The  higher  current  and  power  den¬ 
sities  for  coal  2  exceeded  those  of  coal  1  probably  due  to  the  higher 
content  of  elemental  carbon  and  higher  surface  area  (cf.  Table  1). 
The  biochars  1  -4  were  characterized  by  quite  good  values  of  power 
densities,  roughly  between  18.3  mW  cm-2  and  22.4  mW  cm-2.  It 
may  be  pointed  out  that  contrary  to  the  results  for  hard  coals  or 
carbon  black  probably  the  pore-size  distribution  of  the  biochars 
affected  their  good  performance  in  the  DCFC.  Those  fuels  are 
characterized  by  larger  pores  (pore  size  >0.1  pm,  cf.  Fig.  1 )  and  thus 
larger  surface  of  fuel  particles  could  be  exposed  to  better  contact 
with  electrolyte  molecules.  However,  the  results  in  Figs.  10  and  11 
also  indicated  that  the  highest  power  densities  were  obtained  for 
the  DCFC  fueled  with  hard  coals,  i.e.,  fuels  containing  small  pores  of 
sizes  <0.1  pm.  Those  differences  may  probably  be  associated  with 
the  differences  in  morphology  and  structure  of  individual  fuel 
particles.  Similar  values  of  power  densities  to  those  shown  in  Fig.  10 
were  also  obtained  by  Hackett  G.A  et  al.  11  ]  who  reported  for  coal- 
derived  fuel  the  maximum  power  densities  of  20—33  mW  cm-2. 
The  best  results  were  reported  by  Zecevic  S.  et  al.  [10]  who  pre¬ 
sented  the  power  densities  of  roughly  57  mW  cm-2  and 
40  mW  cm-2  for  their  prototype  graphite  rod  fueled  MARK  IID  and 
MARK  IIIA  DCFC  setup. 

The  analysis  of  the  experimental  results  and  their  comparison 
with  the  data  shown  in  Table  1  indicated  that  for  biochars  and  coals 
the  maximum  power  density  may  also  be  correlated  with  fuel  ox¬ 
ygen  content.  This  is  probably  due  to  the  possibility  to  incorporate 
oxygen  into  the  surface  functional  groups  that  may  then  increase 
the  reactivity  of  the  carbon  matrix  23].  The  corresponding  rela¬ 
tionship  for  some  tested  fuels  is  shown  in  Fig.  12.  The  results  are 
very  interesting  and  further  investigations  are  planned  by  the  au¬ 
thors  to  determine  the  effect  of  oxygen-containing  functional 
groups  on  the  performance  of  the  fuel  cell. 

4.  Conclusions 

On  the  basis  of  the  analysis  of  the  information  reported  and 
discussed  in  the  present  paper  the  following  major  conclusions 
may  be  formulated: 

1.  The  experimental  test  results  successfully  demonstrated  the 
potential  of  the  DCFC  to  be  operated  with  molten  hydroxide 
electrolyte  and  also  demonstrated  the  possibility  to  operate  the 
DCFC  with  various  carbonaceous  fuels,  some  of  them  of  biomass 
origin. 

2.  The  investigation  of  the  effect  of  fuel  type  on  the  cell  perfor¬ 
mance  indicated  that  the  properties  and  structure  of  the 
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Fig.  8.  Fuel  cell  voltage  vs.  current  density  for  various  fuel  types.  The  DCFC  was 
operated  at  723  K  with  an  air  flow  rate  of  0.5  dm3  min-1.  Fuel  particle  size:  0.18- 
0.25  mm. 


Oxygen  content  in  the  anode  carbon  fuel  [wt%] 


Fig.  12.  The  relationship  between  oxygen  content  in  the  carbon  fuel  and  the  maximum 
power  density. 
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(1)  Graphite,  (2)  Carbon  black,  (3)  Coal  1,  (4)  Coal  2,  (5)  Commercial  biochar 
(6)  Biochar  1 ,  (7)  Biochar  2,  (8)  Biochar  3,  (9)  Biochar  4 


Fig.  9.  Summary  of  the  current  densities  for  various  carbonaceous  fuels. 


Current  density  [mA  cm'2] 


Fig.  10.  Power  density  vs.  current  density  for  various  fuel  types.  The  DCFC  was  oper¬ 
ated  at  723  K,  air  flow  rate  0.5  dm3  min-1,  fuel  particle  size:  0.18-0.25  mm. 


carbonaceous  fuels  significantly  affected  the  performance  of  the 
fuel  cell.  It  was  evident  that  the  ‘disordered’  carbon  was  more 
reactive. 

3.  From  all  the  investigated  fuels  the  highest  current  (at  0.5  V)  and 
power  densities  were  determined  for  hard  coal  2,  and  com¬ 
mercial  biochar.  The  corresponding  values  were  72.5  mA  cm-2 
and  38.6  mW  cm-2  for  hard  coal  2,  and  64.2  mA  cm-2  and 
32.8  mW  cm-2  for  the  commercial  biochar. 

4.  The  current  (at  0.5  V)  and  power  densities  for  biomass-derived 
biochars  were  quite  promising  and  made  up:  44.6  mA  cm-2  and 
22.4  mW  cm-2  (biochar  1),  43  mA  cm-2  and  22.1  mW  cm-2 
(biochar  2),  36.5  mA  cm-2  and  18.3  mW  cm-2  (biochar  3)  and 
36  mA  cm-2  and  19.7  mW  cm-2  (biochar  4) 

5.  The  maximum  power  density,  Pmax ,  of  the  investigated  carbon 
fuels  was  almost  40  mW  cm-2.  The  values  of  the  Pmax  decreased 
depending  on  the  fuel  type  in  the  following  order:  raw  hard 
coal  >  commercial  biochar  >  carbon  black  >  laboratory  charred 
biomass  >  graphite. 

6.  The  experimental  results  indicated  the  existence  of  a  correlation 
between  the  fuel  oxygen  content  and  the  maximum  measured 
power  density,  Pmax.  The  correlation  is  probably  associated  with 
the  presence  of  oxygen-containing  functional  groups  in  the  fuel 
matrix.  The  phenomenon  requires  some  further  investigations 
that  are  currently  planned  by  the  authors. 


(1)  Graphite,  (2)  Carbon  black,  (3)  Coal  1,  (4)  Coal  2,  (5)  Commercial  biochar 
(6)  Biochar  1 ,  (7)  Biochar  2,  (8)  Biochar  3,  (9)  Biochar  4 


Fig.  11.  Comparison  of  the  maximum  cell  power  densities  for  various  fuels. 
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